FATIGUE IN ASPHALT BINDER

96
Fatigue damage in asphalt is the material degradation due to repeated loading by which the 97 cracks grow and the material losses its capability to resist more loads. Significant effort has been 98 spent on evaluating the asphaltic materials fatigue life and thus several methods have been 99 developed through this process. These methods differ mainly in terms of the fatigue damage 100 approaches and testing configurations, such as the sample geometry, loading conditions, etc. 4 Herein, emphasis is given in assessing the fatigue performance of asphalt binders and for this reason the state-of-the-art of DSR utilization as fatigue characterization tool is discussed.
Fatigue Damage Approaches
105
Fatigue life of asphalt binders has been thoroughly examined and several approaches, such as, as the point when the energy ratio reaches the peak in the relationship of energy ratio versus the 113 number of cycles. On the other hand, in the strain controlled mode, the fatigue life is defined as 114 the number of load cycles at which the slope of energy ratio deviates from a straight line.
115
Another energy approach is the dissipated energy ratio which is defined as the ratio of the 116 difference between the dissipated energy for the successive load cycles to the dissipated energy 117 of the previous cycles (5, 6). The dissipated energy ratio is the area inside the hysteric loop (7, 8) 118 and the fatigue life of the material is considered as the transition point where the dissipated 119 energy ratio starts to increase rapidly from an approximately constant value (6). Similarly, the 120 dissipated strain energy approach has been used by converting the actual strain to an equivalent 121 pseudo-strain in order to remove the viscoelastic contribution (2, 9) and to quantify the damage 122 manifestation using mechanistic approaches, such as continuum damage and fracture mechanics
123
(10-12). If it is assumed that the Poisson's ratio of binder is time independent and that the material is 184 isotropic, the following expression that relates the G(t) to E(t) can be written as
where E(t) is the relaxation modulus and is the Poisson's ratio. 
where is damage degradation of asphalt binder, t is time, W is the total dissipated energy and 195 both k and r are damage rate parameters. In incremental form Eq. (4) can be written as
where ∆ is the time increment. If the value of is zero it indicates no damage and if the value of 199 is one it resembles full damage.
200
The total energy dissipation W can be computed in incremental form as 201 202 after damage has been taken into account and ̇ is the total Lagrange-Green strain rate.
208
Using the midpoint integration rule Eq. (5) can be simplified to 209 210 
Numerical Implementation
212
The CAPA 3D system was utilized. Three user-defined 3D finite-element (FE) meshes were 213 created to study the damage distribution and the localization of asphalt sample deterioration in a 214 sinusoidal (oscillating) loading mode during a TS DSR test, Fig. 1 where T is torque, R 0 is the outer radius and Ri is the inner radius of the plate.
231
Numerical Predictions
232
In Fig. 3 , the damage distribution within the specimen was obtained after subjecting the standard Therefore, these results corroborate the previously mentioned mechanism of damage initiation at 243 the outer periphery of sample and the almost intact centre during a DSR fatigue test (5). edge damage phenomenon to the ring-type geometry is occurs earlier than the plate-type sample 254 geometry on account of the higher stress magnitude.
255
Additionally, the stress and damage difference across the sample thickness at three different 256 points at a certain time period is demonstrated in Fig. 6 . It is obvious that the standard geometry 257 shows significant variation in damage across the sample thickness at all these points. The one 258 ring-type geometry has a bit less damage at the same location than the damage in the two rings- 
IMPROVING DSR FATIGUE DAMAGE CHARACTERIZATION
265
On the basis of the evidence from past research and the predicted results from implementing the 266 previously described continuum damage model, the main objective of this part of the study is to 
Test Methods
274
The standard DSR sample geometry is the PP with smooth polished surfaces with a typical 
279
The DSR setup was utilized for testing with the conventional PP and the new PHP, both with 1 280 mm gap in accordance with the Superpave specifications, and obtaining the material response.
281
After filling the inner hollow space of PHP with a silicon paper, the new testing system was used 
Test Results
305
Amplitude Sweep Results
306
For the selected geometries, after carrying out assessment of the repeatability of the test results, 
310
The torque amplitude was increased in small amounts instead of large steps in each cycle. From 311 the data, it can be observed that the complex modulus drops and phase angle increases first when 312 the material was tested using the PHP configuration. The limited area in the outer periphery of 313 the PHP caused quicker degradation than the PP system when the applied torque was increased.
314
Thus, it is obvious that the material degradation rate is a function of the damaged area for an 315 amplitude sweep test and subsequently of the testing geometry.
317
Time Sweep Results
318
The fatigue life of asphalt binder is influenced by various factors, such as temperature, loading that are utilized to successfully predict fatigue life of material, the precise testing to obtain 336 accurate material properties should be a priority.
338
SUMMARY OF FINDINGS AND FUTURE WORK
339
From the perspective of pavement design, it is important to be able to predict the fatigue life of importance of using precise testing systems for the accurate material performance predictions.
345
The damage continuum model which was developed to demonstrate the non-uniform damage 346 distribution of asphalt binder subjected to sinusoidal loads with the standard sample geometry 347 showed that the damage was localized in the sample periphery, keeping the center intact. The 
